We attribute this river routing to not only regional topographic control but also the dextral movement of the JialiGaoligong-Sagaing fault system that appears most active during the Middle Miocene. Subsequent reorganization of these mountain rivers was affiliated with headward erosion of the Brahmaputra River that eventually cut across the Namche Barwa Syntaxis and captured the Yarlu Tsangpo drainage to form the modern eastern Himalayan river system.
Gangdese batholith, the largest plutonic complex in southeastern Tibet (Chu, ms, 2006; Chu and others, 2006) , and those from riverbank sediments, the Irrawaddy River (Bodet and Schärer, 2000) to put forth the best available interpretation regarding the sedimentary source to sink relation. Although further detailed sampling in the future could produce other results, the present data set would still stand as an important constraint that allows us to not only test the existing hypotheses but also better understand the evolution of the eastern Himalayan river system.
background of the study
Combined analyses of U-Pb and Hf isotopes in single grains of detrital zircon from major rivers in the Southeast Asian continent was first performed by Bodet and Schärer (2000) to study regional crustal evolution and orogenic cycles. Among the important features reported, the Irrawaddy drainage was noted by the authors to be marked by the presence of young detrital zircons (Ͻ 90 Ma) that possess high ε Hf (T) isotope values (up to ϩ13.3) suggestive of juvenile mantle input, in contrast to the negative and apparently lower ε Hf (T) values observed commonly in zircons from other Southeast Asian rivers. This Irrawaddy "anomaly" was believed to reflect a "large proportion of mantle derived magmas" resulting from young and major orogenic events such as the India-Asia collision (Bodet and Schärer, 2000) . This conclusion was reached despite the fact that any attempt to carry out a sedimentary source to deposition analysis was merely impossible, because there was little knowledge about where young mantle derived magmas occur.
In this region, U-Pb age data for single grains of zircon separates from riverbank sediments have been reported subsequently by two papers. These are (1) Campbell and others (2005) from the Ganges and Indus Rivers, and (2) Clift and others (2006a) from the Red and Mekong Rivers. Both studies, aiming at determining the source provenance and exhumation/erosion history, utilized additional dating techniques, that is, (U-Th)/He and fission track, which, relative to the U-Pb method, may provide low-temperature age information of the zircon grains dated. Besides, in the Himalayan sedimentary basins, investigations of the detrital records have been performed using various approaches and techniques (Najman, 2006 ; for a comprehensive review). All the above works, however, did not include Hf isotope analysis of detrital zircons.
The voluminous Transhimalayan plutons, now exposed largely in the Lhasa terrane of southern Tibet, have been generally regarded as resulting from northward subduction of the Neotethyan oceanic lithosphere along the South Asian continental margin before the closing of Tethys and/or onset of the India-Asia collision (Searle and others, 1987) . Recently, as part of our ongoing study of the Transhimalayan magmatism, Chu (ms, 2006) and Chu and others (2006) reported SHRIMP U-Pb and LA-MC-ICPMS Hf isotope data of magmatic zircons from the Gangdese batholith that represents one of the largest Transhimalayan plutons in southeastern Tibet. The Gangdese zircons, aged between ca. 200 and 40 Ma, are overwhelmed by high ε Hf (T) values from ϩ18 to -4 (with ϳ95% of them showing positive values; Chu, ms, 2006) . These data shed light on the source of the specific zircons observed from the Irrawaddy riverbank sediments, which, if verified, would lend strong support to the topographic argument for a preexisting link between the Yarlu Tsangpo and Irrawaddy drainages proposed by Clark and others (2004) . To comprehend the spatial and, in particular, temporal evolution of the river system, we carried out in this study new U-Pb and Hf isotope analyses of magmatic zircons from the Bomi-Chayu and Dianxi-Burma batholiths, two important but previously poorly studied granitoid exposures around the eastern Himalayan syntaxis, in addition to the detrital zircon investigation in the Inner-Burma Basin.
samples and methods
Zircons were separated from ϳ3 kg samples by heavy-liquid and magnetic methods. The samples include granitic rocks from the Bomi-Chayu and Dianxi-Burma batholiths, and a sandstone from the uppermost Pegu Group located ϳ60 km west of Mandalay city ( fig. 1 ). In the Inner-Burma Tertiary Basin the change in sedimentation from the marine Pegu Group to the terrestrial Irrawaddy Group took place around the Miocene-Pliocene boundary (Bender, 1983) . Hence, the depositional age of the studied sandstone sample BUR04-09 is regarded to be Late Miocene, say, ca. 5 to 10 Ma. All zircon U-Pb dating measurements were performed at the Beijing SHRIMP Center, Chinese Academy of Geological Sciences, following the analytical procedures reported in Chu and others (2006) . In situ Hf isotope measurements were performed, later, on the dated spots of the zircons using the LAM-MC-ICPMS system at the Institute of Geology and Geophysics, Chinese Academy of Sciences. The diameter of the laser-ablated craters is ϳ60 m, about twice that of the spots made by SHRIMP dating. The analytical procedures were generally the same as those reported in Wu and others (2006) , with a 193 nm excimer laser being attached to a Finnigan Neptune MC-ICPMS.
analytical results
The analytical results are summarized in tables 1, 2 and 3, in which, ε Hf (T) values, the parts in 10 4 deviation of initial Hf isotope ratios between the zircon sample and the chondritic reservoir, were calculated using the 176 Lu-176 Hf decay constant reported in Söderlund and others (2004) . In figures 2 and 3, the U-Pb age results of the Pegu sandstone and the Bomi-Chayu batholith, respectively, are shown using concordia diagrams. U-Pb ages of the Dianxi-Burma batholith, however, are from published data by Yang and others (2006) . In figures 4 and 5, all zircon results are plotted in terms of ε Hf (T) values versus U-Pb ages.
The Inner-Burma Sandstone 62 grains of zircon separates from sample BUR04-09 were dated, with a random selection of zircon grains from all sizes and morphologies except for avoidance of those showing fractures or inclusions. While a large range of U-Pb ages between 24 and 3151 Ma was obtained (table 1; fig. 2 ), 48 dated grains (ϳ78 %) are Ͻ200 Ma, including 16 and 31 grains that yielded Cretaceous and Paleogene ages, respectively. The U and Th concentrations vary strikingly (ϳ5000-16 ppm), but most zircons have Th/U ratios Ͼ0.1 ( fig. 6 ) indicative of a magmatic origin (Hoskin and Schaltegger, 2003) . Their overall ε Hf (T) values also vary remarkably, that is, from ϩ16 to -21 (table  1) Of the Dianxi-Burma batholith, 110 igneous zircon grains from 8 granitoids that have been U-Pb dated by Yang and others (2006) were subjected to in situ Hf isotope analysis (table 3) . The results, plotted also in figure 4, identify similar groupings as those delineated by the Bomi-Chayu samples. More significantly, when comparing with the Gangdese data ( fig. 4) , the Hf isotope ratios of magmatic zircons from both these batholiths are much lower than those of the Gangdese batholith (Chu, ms, 2006; Chu and others, 2006) or Gangdese-derived zircons in the Yarlu Tsangpo riverbank sediments (Liang and others, 2004) .
discussion and interpretations
The Gangdese "Fingerprint" in Zircon Our zircon U-Pb age results from the Bomi-Chayu and Dianxi-Burma batholiths support the general consensus that regards these batholiths as the easternmost (Griffin and others, 2000) 623 of the eastern Himalayan river system (Yang and others, 2006) extension of the Transhimalayan plutons (Searle and others, 1987; Chung and others, 2005 ; and references therein). In the Lhasa terrane, the plutonic bodies are generally divided into two suites, that is, a southern Gangdese belt that comprises essentially Late Cretaceous and Paleogene rocks marked with I-type petrochemical compositions and a northern plutonic belt that is dominated by Cretaceous peraluminous, or S-type, granitoids (Pan and others, 2004) . Consequently, rocks from these two belts differ remarkably in their Sr and Nd isotope ratios (Wen, ms, 2007) . Zircons can effectively preserve the initial Hf isotope compositions of the host magmas (Griffin and others, 2002) , thus allowing their Hf isotope ratios to be utilized in much the same way as whole-rock Nd isotopes have been used as a powerful geochemical tracer. Magmatic zircons from the two plutonic belts in the Lhasa terrane, therefore, display distinguishable Hf isotope signatures, that is, the Gangdese ones show high, positive ε Hf (T) values indicative of a prominent juvenile mantle contribution in the petrogenesis and those from granitoids of the northern suite are overwhelmed by negative, low ε Hf (T) values that yield Paleoproterozoic model ages and suggest old continental crust sources (Chu, ms, 2006; Chu and others, 2006) . Our zircon Hf isotope results from the Bomi-Chayu and Dianxi-Burma batholiths, as described above, do not resemble the Gangdese data but are rather similar to those of the northern plutons. This is consistent with the whole-rock isotopic correlation that, for instance, granitoids from both Bomi-Chayu (Lin, ms, 2007) and Dianxi-Burma batholiths (Chen and others, 2001; Yang and others, 2006; Mitchell and others, 2007) commonly exhibit negative ε Nd (T) values from -2 to -12, comparable to the range of the northern plutonic rocks (Harris and others, 1990; Wen, ms, 2007) and different from the positive Gangdese ε Nd (T) values (Wen and others, 2005; Wen, ms, 2007) . The distinctive Hf isotope feature of igneous zircons from the Gangdese batholith is illustrated using figure 4, in which 146 out of 168 total analyses (ϳ87 %) demonstrate (Bodet and Schärer, 2000) . Only zircons Յ200 Ma are plotted, with 1 analytical errors when they are larger than the symbols. See table 1 for remaining data of Ͼ200 Ma zircons, and for notations of ε Hf (T), and chondritic uniform reservoir (CHUR) and depleted-mantle (DM) curves. The batholithic zircon fields of the 3 major Transhimalayan plutons are constructed from the previous figure. of the eastern Himalayan river system ε Hf (T) values Ն ϩ5 (Chu, ms, 2006; Chu and others, 2006) . Such high values, in particular those with ε Hf (T) Ͼ ϩ10 or even up to the depleted mantle value, have never been observed to date in zircons from any other eastern Transhimalayan plutons. Thus, this Gangdese "signal" may be used as a unique and most powerful proxy that allows "fingerprinting" detrital zircons deposited in the downstream basins for studying the sedimentary source to sink relation affiliated with the drainage evolution around the eastern Himalayan syntaxis.
U-Pb age and Hf isotope data of igneous zircons from Bomi-Chayu batholith

Interpretation of Our Inner-Burma Basin Data
With the understanding that the current data are far from enough and furthermore detailed sampling from the studied mountainous region could produce other results, we here summarize all available zircon Hf isotope data to put forth the best interpretation on the sedimentary source to sink relation. We assume the Gangdese batholith to be a unique Transhimalayan complex that, according to Chung and others (2007) , situates in an "oceanic" domain in the Gondwana-derived Lhasa terrane. It may be correlated to the specific part of the eastern Lachlan Fold Belt in Australia resulting from accretion of an Ordovician intraoceanic arc complex to this part of east Gondwana (Glen and others, 1998; Collins and Hobbs, 2001 ).
In figure 5 , all 48 detrital zircons of Ͻ200 Ma ages from the sample BUR04-09 are considered magmatic in origin because most of these zircons show euhedral to subhedral morphologies and all but three grains have Th/U ratios Ͼ 0.1 (fig. 6 ). Large plutons that crop out around the eastern Himalayas, that is, the Dianxi-Burma and Bomi-Chayu batholiths that are cut through by the Irrawaddy drainage ( fig. 1) Paleogene ages) that display positive ε Hf (T) values and signal the Gangdese "fingerprint", if taking the chondritic Hf isotope line, ε Hf (T) ϭ 0, as a general divide for the Gangdese and the other two batholiths (fig. 5 ). Even if counting only those with ε Hf (T) Ն ϩ10, there are still 16 zircon grains that show the Gangdese "fingerprint".
The high abundance of Gangdese-derived zircons, that is, 24 out of a sum of 62 grains analyzed (ϳ40 %), or, at minimal, 16 grains out of them (ϳ26 %), in sample BUR04-09 implies a source-sink link and thus suggests major mountain river(s) from southeastern Tibet to have drained into the Inner-Burma Basin. This evidence lends firm support to the topographic argument that the Yarlu Tsangpo, now flowing past the southern margin of the Gangdese batholith ( fig. 1) , was in the upper reaches of the Irrawaddy drainage (Clark and others, 2004) . Given that our sample is from the uppermost Pegu Group of Late Miocene depositional age, an additional important inference would be that by the time the ancestral Yarlu Tsangpo should have started draining into the Irrawaddy. This correlation is in accord with the timing of dextral movement along the Jiali fault system ( fig. 1 ), most active during ca. 18 and 12 Ma in the Middle Miocene (Lee and others, 2003) , through which the courses from the Yarlu Tsangpo to the Irrawaddy River may have connected together (see below for more discussion).
In sample BUR04-09, the remaining 23 grains of Ͻ200 Ma zircon that show negative ε Hf (T) values include 22 grains dated from ca. 70 to 24 Ma ( fig. 5 ). Whereas grains of 70 to 50 Ma ages appear most likely supplied from the neighboring Dianxi-Burma and/or Bomi-Chayu batholiths, those 40 to 24 Ma ones plot outside and do not match any fields so imply additional source(s). We suspect this to be the Late Oligocene-Early Miocene (ca. 35-23 Ma) syntectonic granites emplaced in the Mogok metamorphic belt (Barley and others, 2003; Searle and others, 2007) . Up to now, however, zircon Hf isotope data are unavailable from these potential source rocks for direct comparison.
New Interpretation for Existing Data
A Gangdese connection can also account for the Irrawaddy "anomaly" previously attributed to "large proportion of mantle derived magmas" (Bodet and Schärer, 2000) . As we have shown in figure 5 , 25 out of 34 analyses of detrital zircons in the Irrawaddy riverbank sediment yielded U-Pb ages Ͻ200 Ma. These younger zircons, all with Th/U ratios Ͼ0.1, include 4 Late Cretaceous-Paleogene grains with high, positive ε Hf (T) values Ն ϩ10 that signal the Gangdese "fingerprint" and 3 coeval grains with negative ε Hf (T) values that plot in the range of the Dianxi-Burma/Bomi-Chayu data. There are 4 grains, dated around 70 to 80 Ma ( fig. 5) , with positive ε Hf (T) values that plot slightly above the chondritic line but outside the data fields of the known possible source rocks, which makes it difficult to determine their sources. Moreover, 7 grains aged between ca. 170 and 120 Ma exhibit negative ε Hf (T) values that correspond to those of the Early Cretaceous Bomi-Chayu and Dianxi-Burma magmatic zircons (fig. 5 ). The occurrence of these older detrital zircons in the modern sediment may be attributed to local lithologies, for example, the granitic orthogneiss bodies that crop out near Mandalay city close to the Mogok metamorphic belt ( fig. 1) , from which abundant Jurassic zircons of ca. 170 Ma have been reported (Barley and others, 2003) . This observation further implies that emplacement of the Dianxi-Burma batholith may have started during the Jurassic, but either the Jurassic plutonism occurred in a restricted area or the Jurassic plutons had not been exposed until post-Miocene time. Zircons of this age are not observed in the Upper Miocene Pegu sandstone from the Inner-Burma Basin. Such a local lithologic control may also be the cause of the specific group of 6 young zircons (Ͻ15 Ma) characterized by high ε Hf (T) values ( fig. 5 ), which we explain to be sourced from the nearby Late Miocene to Quaternary volcanoes or volcanic fields ( fig. 1 ) that consist of basaltic to rhyodacitic rocks (Bender, 1983; Mitchell, 1993) .
Geochemical and Sr-Nd isotope data available so far for these rocks suggest an asthenospheric mantle source involved in the magma generation (Stephenson and Marshall, 1984; Maury and others, 2004; Chung, unpublished data) .
Whereas these Jurassic and Miocene-Quaternary zircons could have been supplied directly by the neighboring igneous outcrops, the 4 grains of Gangdese-sourced zircons identified also in the Irrawaddy riverbank sediment cannot be the first-cycle detritus but should represent recycled materials because the Yarlu Tsangpo is now draining into the Brahmaputra River. The change of the drainage and source provenance is evidenced by comparing the detrital zircon records in our sample and the modern Irrawaddy sediment. The percentage of the Gangdese zircons, for example, drops significantly from ϳ40 percent (24 out of 62 grains) to ϳ12 percent (4 out of 34 grains). Such a drop, compensated with the addition of new detritus from local supplies, records not only the reorganization of the drainages but also the power of these mountain rivers. The Miocene connection of the Yarlu Tsangpo to the Irrawaddy had eroded large amounts of detritus from the source region in southern Tibet and transported them to the distant downstream sedimentary basins thus forming the Ͼ10 km thick deposition in the Irrawaddy Delta (Bender, 1983) . Loosing such power and "water head" from the plateau, which happened as soon as the Yarlu Tsangpo rerouted (see below), the Irrawaddy became a steady alluvial river (compare Schumn and others, 2000) that can merely recycle the preexisting riverbank sediments with mild erosion from exposed rocks close-by.
Tectonic Forcing on the River Evolution
Adopting the scenarios proposed for the drainage system development in Southeast Asia by Clark and others (2004) and Clift and others (2004, 2006b) , combined with the knowledge of regional tectonic activities, we here summarize the evolutionary relation between the Irrawaddy and Yarlu Tsangpo through time. Before the Miocene, the Yarlu Tsangpo was one of the principal Tibetan tributaries to a single, southeastward flowing river system or the so-called "paleo-Red River" that drained into the South China Sea (fig. 7A ). Although it remains uncertain about when exactly the Yarlu Tsangpo started connecting to the "paleo-Red River", a few grains of young detrital zircons (Յ100 Ma) from the Red River drainage reported in Bodet and Schärer (2000) do reveal Gangdese like Hf isotopic signatures. Given that the present course of the Red River well follows the fault zone, we speculate the connection to have been closely associated with, if not facilitated by, initiation of the Red River and Jiali shear zones that both appear to have begun from Late Oligocene time, say, ca. 30 to 25 Ma (Wang and others, 1998; Ding and others, 2001; Gilley and others, 2003; Lin and others, 2005) , with an understanding that topographic control related to Tibetan uplift is essential in the development of mountain rivers (Schumn and others, 2000; Clift and others, 2004) . Under this framework, even in the case that the "paleo-Red River" was preexisting as the conditions proposed by Clark and others (2004) or Clift and others (2004) , its route would have been further modified and confined by the left-lateral movement of the Red River shear zone, most active in the Miocene (Wang and others, 1998; Searle, 2006) . A better knowledge on this regard may be achieved by combined analyses of U-Pb and Hf isotopes of detrital zircons from not only the riverbank but, more importantly here, Miocene to Paleogene sediments in the Red River drainage system. Then, controlled by the Tibetan uplift and resultant change in regional topography, the "paleo-Red River" gradually lost its drainage to the neighboring river systems (Clift and others, 2006b ). This drainage change, marked with river truncation in the north and river capture in the south (Brookfield, 1998) , may have started from the capture of the Yarlu Tsangpo system by the Irrawaddy (fig. 7B ) occurring no later than Late Miocene time when the uppermost Pegu Group was being deposited in the Inner-Burma Tertiary Basin. Whereas regional topographic gradient control was essential, we envision such a river rerouting to have also been affiliated with, and facilitated by, the Middle Miocene (ca. 18-12 Ma) right-lateral activity of the Jiali fault (Lee and others, 2003) , which has since accompanied the Gaoligong and Sagaing fault zones in the south ( fig. 1 ) to form a regional dextral deformation system that could have not only connected the Yarlu Tsangpo and Irrawaddy drainages at the time but also accounted for the beginning and prolonged history of the clockwise rotation of Tibetan extrusion around the eastern Himalayan syntaxis (Lee and others, 2003; Lin Fig. 7 . Sequential change of the Yarlu Tsangpo draining direction from (A) Pre-Miocene, through (B) Late Miocene, to (C) Present-day, illustrated using the modern drainages in Southeast Asia without reconstruction for the tectonic deformation through time (after Clark and others, 2004) . and others, 2005). The link of river capturing with development of principal structures, that is, the strike-slip fault systems, in this part of the Himalayan-Tibetan orogen demonstrates the importance of tectonic control on routing mountain rivers.
Lastly, associated with the formation of the 180°Big Bend gorge that cuts through the Namche Barwa Syntaxis in eastern Himalayas ( fig. 1) , the Yarlu Tsangpo drainage was eventually captured by the Brahmaputra River in the south (fig. 7C ). Although precise age of this capture event is still unknown, it has been generally related to the sudden uplift of the Namche Barwa Syntaxis, which took place at ca. 4 Ma (Burg and others, 1998) . According to the "tectonic aneurysm" hypothesis that correlates big rivers and high mountains with a positive feedback between rapid focused erosion and upward advection of lower crust (Zeitler and others, 2001) , the Namche Barwa uplift may have resulted from intensified headward erosion of the Brahmaputra River that consequently captured the Yarlu Tsangpo from the Irrawaddy to form the modern eastern Himalayan river system and gave rise to reorganization of the drainage and discharge patterns in Southeast Asia.
